Sphingobium limneticum sp. nov. and Sphingobium boeckii sp. nov., two freshwater planktonic members of the family Sphingomonadaceae, and reclassification of Sphingomonas suberifaciens as Sphingobium suberifaciens comb. nov. Two novel chemo-organoheterotrophic members of the Sphingomonadaceae were isolated from alpine and pre-alpine lakes. Cells stained Gram-negative, were motile and rod-shaped, and formed yellow, circular, convex colonies on different agar media. Strains 301 T and 469 T were strictly aerobic, catalaseand oxidase-positive, and grew at temperatures between 10 and 40 6C (optimum, 28 6C), and at pH values between 5 and 10 (optimum, pH 7). Both strains contained Q-10 as the dominant quinone, sphingoglycolipids and 2-hydroxymyristic acid, whereas 3-hydroxy fatty acids were absent. Major fatty acids of strain 301 T were C 18 : 1 v7c (53.3 %) and C 16 : 1 v7c (22.9 %), with C 14 : 0 2-OH (10.8 %) as the major 2-hydroxy fatty acid. Fatty acids of strain 469 T were dominated by C 18 : 1 v7c (34.4 %), 
Members of the family Sphingomonadaceae are typical constituents of freshwater bacterioplankton communities and can be recovered in pure culture using low nutrient liquid media (Gich et al., 2005) . During a study of different strains of planktonic members of the family Sphingomonadaceae from a pre-alpine and alpine lake (Jogler et al., 2011) , 16S rRNA gene sequence analyses identified two novel lineages that fell within the radiation of members of the genus Sphingobium.
The genus Sphingobium was first described by Takeuchi et al. (2001) as a subgroup of the former genus Sphingomonas (Yabuuchi et al., 1990 ) that was divided into the four genera Sphingomonas sensu stricto, Sphingobium, Novosphingobium and Sphingopyxis based on phylogenetic, chemotaxonomic and physiological evidence. These genera were regarded as junior objective synonyms of Sphingomonas by other authors, however (Yabuuchi et al., 2002; Yabuuchi & Kosako, 2005) . Yabuuchi et al. (2002) and Yabuuchi & Kosako (2005) continued to use the genus name Sphingomonas, since the new combinations created by Takeuchi et al. (2001) were also homotypic synonyms of species names within the genus Sphingomonas. Recently, three additional genera were classified within the family Sphingomonadaceae, namely Sphingosinicella (Maruyama et al., 2006) , Stakelama (Chen et al., 2010) and Sphingomicrobium (Kämpfer et al., 2012) . It should be noted, however, that Takeuchi et al. (2001) did not alter the nomenclature of Rhizomonas suberifaciens van Bruggen et al. 1990 , indicating that they considered this species to be a member of a separate genus. The genus name Rhizomonas is both an illegitimate name (Lapage et al., 1992) and also a rejected name (Judicial Commission, 1954) . A consequence is that the genus name Rhizomonas may not be used, which also leaves some uncertainty about the valid publication of the combination Rhizomonas suberifaciens van Bruggen et al. 1990 (Tindall, 2008) . The only combination that is with certainty validly published is Sphingomonas suberifaciens proposed by Yabuuchi et al. (1999) , which is the name used here.
Members of the genus Sphingobium are aerobic, chemoorganotrophic, Gram-negative, non-motile or motile rods, and form yellow or whitish-brown colonies. Like other members of the family Sphingomonadaceae, they contain sphingoglycolipids, Q-10 as the major quinone, C 18 : 1 as the dominant fatty acid and C 14 : 0 2-OH as the major 2-hydroxy fatty acid whereas 3-hydroxy fatty acids are missing (Takeuchi et al., 2001) . There are indications that in members of the family Sphingomonadaceae the 2-OH fatty acids are found exclusively amide bound to the amino groups of the long chain base component of the glycosphingolipids (Kawahara et al., 1991; Naka et al., 2000) . Members of the genus Sphingobium differ from members of the genera Sphingomonas, Sphingosinicella and Sphingomicrobium by the presence of spermidine as the major polyamine and differ from the other genera Sphingomonas, Sphingosinicella, Sphingomicrobium, Stakelama, Novosphingobium and Sphingopyxis by the presence of 16S rRNA signatures at positions 52 : 359 (U : A), 134 (G), 593 (U), 987 : 1218 (A : U) and 990 : 1215 (U : G). At the time of writing, the genus Sphingobium comprises 25 recognized species. The type species is Sphingobium yanoikuyae (Takeuchi et al., 2001 ).
Strain 301 T was isolated from the mesotrophic pre-alpine lake Starnberger See (584 m above sea level; maximum water depth 128 m) whereas strain 469 T was isolated from the oligotrophic alpine lake Walchensee (802 m above sea level; maximum water depth 190 m). On 20 December 2007, water was collected with a bilge pump (Overmann et al., 1998) from Starnberger See at a water depth of 1 m, using a pier (47 u 559 N 11 u 029 E) located on the eastern shore near the municipality of Ammerland. Samples from Walchensee were collected at a distance of 30 m from the western shore (47 u 359 N 11 u 209 E) and a water depth of 1 m. The basic synthetic freshwater medium used in primary enrichments was buffered with 10 mM HEPES (Bartscht et al., 1999) and supplemented with 20 amino acids, glucose, pyruvate, citrate, 2-oxoglutarate, succinate (200 mM each), Tween 80 (0.001 %, v/v), formate, acetate and propionate (200 mM each), trace element solution SL 10 and 10-vitamin solution (Jaspers et al., 2001) . To stimulate the growth of the bacteria, signal molecules (cAMP, Nbutyryl homoserine lactone, N-oxohexanoyl-DL-homoserine lactone, ATP) with final concentration of 10 mM were also added (Bruns et al., 2002 (Reasoner & Geldreich, 1985) and at an incubation temperature of 28 u C. Dependence of growth on pH was assessed between pH 5 and 10 (at intervals of 1 pH unit). Temperature dependence was determined between 8 and 45 u C (at intervals of 3 u C) in a temperature gradient incubator (model TN-3; Toyo Kaguku Sangyo). Phasecontrast microscopy and differential interference contrast microscopy were conducted using agar-coated slides (Pfennig & Wagener, 1986) . For transmission electron microscopy, bacteria were fixed with 2 % glutaraldehyde/ 5 % formaldehyde in the culture medium, then negatively stained with 2 % uranyl acetate applying a carbon film and examined in a TEM910 transmission electron microscope (Carl Zeiss) at an acceleration voltage of 80 kV. Cell motility was observed by light microscopy and on soft agar (0.1 %, w/v, yeast extract, 0.01 % K 2 HPO 4 , 0.2 % agar).
The Bactident Amino Peptidase kit was used to determine the Gram-type; results were confirmed with the KOH test. Catalase activity was determined with 10 % (v/v) H 2 O 2 and oxidase activity with N,N,N9,N9-tetramethyl-p-phenylenediamine. Physiological and biochemical characteristics, and enzyme activities were assessed using the API 20NE, API ZYM and API 50CH test strips (bioMérieux) and Biolog Gen III microplates (Biolog). Susceptibility to antibiotics was evaluated with the disc diffusion method (CLSI, 2007) on R2A agar plates (mg per disc): penicillin G (10), oxacillin (5), ampicillin (10) Cells grown on R2A medium were used for the analysis of fatty acids, respiratory quinones, polar lipids and polyamines. Following the standard protocol (Sasser, 1990 ) of the Microbial Identification System (MIDI Inc.; version 6.1), 40 mg wet weight of fresh cells was harvested from the agar plates at the end of the exponential growth phase and extracted. The fatty acid methyl esters were separated on an Agilent model 6890N gas chromatograph fitted with a 5 % phenyl-methyl silicone capillary column (0.2 mm 6 25 m) and a flame-ionization detector, and were identified using the databases TSBA6 and TSBA40, version 4.5 (generated with bacteria grown on standard tryptone medium). To identify respiratory quinones, 200 mg freeze-dried cell material was extracted and analysed according to the method described by Tindall (1990a Tindall ( , b, 2005 . +, Positive; 2, negative; V, weak reaction; ?, questionable reaction; ND, not determined. All strains tested negative for: N-acetyl-b-glucosaminidase, arginine dihydrolase, a-fucosidase, a-galactosidase, b-glucuronidase, lipase (C14), a-mannosidase, protease, urease, fermentation of glucose, indole production, nitrate reduction, adipic acid, D-arabitol, L-arabitol, dulcitol, erythritol, L-fucose, b-gentiobiose, gluconate, glycogen, inositol, inulin, 2-ketogluconate, 5-ketogluconate, mannitol, methyl a-D-mannopyranoside, phenylacetic acid, ribose, sorbitol, L-sorbose, D-tagatose, L-xylose and xylitol. All strains tested positive for: aerobic growth, catalase, alkaline phosphatase, leucine arylamidase and D-glucose. were eluted and further separated and identified by HPLC employing an RP18 column (2 mm 6 125 mm, 3 mm particle size; Macherey-Nagel) (Tindall, 1996) . Polar lipids were extracted from 100 mg freeze-dried cell material according to the method described by Tindall (1990a, b) , separated by two-dimensional chromatography and identified by their reactions toward specific staining reagents in combination with their R f values. Polyamines were extracted and analysed according to the method described by Busse & Auling (1988) . Analyses of polyamine patterns were carried out using the equipment described by Stolz et al. (2007) .
After extraction of genomic DNA with the High Pure PCR template preparation kit (Roche), the almost-complete 16S rRNA gene was amplified with primers 8F (59-AGAGTTTGATCCTGGCTCAG-39) and 1492R (59-GGTTACCTTGTTACGACTT-39) (Lane, 1991) , and the PCR products were purified with the QIAquick PCR purification kit (Qiagen) and sequenced by the dideoxynucleotide method on an ABI Prism 3730 genetic analyser (Applied Biosystems), employing the AmpliTaq FS Big Dye terminator cycle sequencing kit. The Vector NTI computer package (Invitrogen) was employed for sequence editing and assembly. The 16S rRNA gene sequences of the type strains of all species of the genus Sphingobium and of Sphingomonas paucimobilis DSM 1098 T were obtained from the GenBank database (Altschul et al., 1997) . Sequences were imported into the ARB program package (Ludwig et al., 2004) , automatically aligned with the Fast Aligner tool and manually corrected according to secondary structure information to yield an alignment of approx. 1500 bp. Phylogenetic trees were constructed with the neighbourjoining algorithm as implemented in the ARB software package. The corresponding sequence accession numbers are provided in Fig. 1 . The G+C content of the genomic DNA was determined as described by Mesbah et al. (1989) . Cells were disrupted in a French pressure cell (Thermo Spectronic) for DNA-DNA hybridization (DDH) experiments. After purification of the DNA in the crude lysate by chromatography on hydroxyapatite (Cashion et al., 1977) , DDH was carried out as described by De Ley et al. (1970) as modified by Huss et al. (1983) using a model Cary 100 Bio UV/VIS-spectrophotometer equipped with a Peltier-thermostatted 666 multicell changer and a temperature controller with in situ temperature probe (Varian). T (type species of the genus Sphingobium) was 95.9 % and that to Sphingomonas paucimobilis DSM 1098 T (type species of the genus Sphingomonas) was 94.1 % (Fig. 1) T was 17.9 %. All values were clearly below the threshold value of 70 % DDH that is recommended for the delineation of bacterial species (Wayne et al., 1987) , indicating that strains 301 T and 469 T represent novel species within the genus Sphingobium.
Strains 301
T and 469 T formed yellow, circular and smooth colonies on R2A agar, PYE (0.3 %, w/v, meat peptone, 0.3 %, w/v, yeast extract) agar and 1 : 10 diluted HD agar after incubation for 24 and 48 h, respectively. Cells of both strains showed Gram-negative behaviour, were asporogenous and rod-shaped. Whereas cells of strain 301
T were 1.3-2.2 mm long and 0.4-0.5 mm wide, and motile by peritrichous flagella (Fig. S1a, b available in IJSEM Online), those of strain 469 T were smaller (0.7-1.2 mm long, 0.35-0.45 mm wide) and motile by one or two subpolar flagella (Fig. S1c, d) (Table 1) . Both strains were strictly aerobic, catalase-and oxidase-positive, and grew at temperatures between 10 and 40 u C (optimum, 28 u C), and at pH values between 5 and 10 (optimum, pH 7). Additional physiological characteristics of strains 301 T and 469 T are listed in the species descriptions, and Tables 1 and S1.
The predominant respiratory quinone of strain 301 T was Q-10 (83.1 %; 16.9 % Q-9). For strain 469 T , nearly 100 % of the respiratory quinone was detected as Q-10 and Q-9 was detected only as a trace component. The major fatty acids of strains 301
T and 469 T were C 18 : 1 v7c (53.3 and 34.4 %, respectively), summed feature 3 (22.9 and 32.0 %, respectively) and C 16 : 0 (7.1 and 10.1 %, respectively). Summed feature 3 represents two or more fatty acids that are grouped together by the MIDI Inc. Sherlock MIS system. In the TSBA6 database summed feature 3 contains C 16 : 1 v7c and/or C 16 : 1 v6c while summed feature 3 is listed as C 16 : 1 v7c and/ or iso-C 15 : 0 2-OH in the TRBA40, version 4.5, database. Based on the retention time of the single peak, the fact that members of the family Sphingomonadaceae do not synthesize significant amounts of branched chain fatty acids, and information provided by MIDI Inc., summed feature 3 was identified as C 16 : 1 v7c and will be referred to as such in this text. C 14 : 0 2-OH (10.8 and 15.2 %, respectively) was the major 2-hydroxy fatty acid (Table 2 ). The major polar lipids in both strains were diphosphatidylglycerol, phosphatidylglycerol, phosphatidylmonomethylethanolamine, phosphatidylethanolamine, phosphatidyldimethylethanolamine, phosphatidylcholine and two sphingoglycolipids (Fig. S2) . In strain 301
T two sphingoglycolipids were present, while in strain 469
T only a single sphingoglycolipid was present. The R f values of the sphingoglycolipids were consistent with the presence of a single uronic acid. As in all previously described species of the genus Sphingobium, spermidine was the major polyamine, accompanied by smaller amounts of spermine and traces of putrescine and diaminopropane. Similarly, Sphingomonas suberifaciens also contains spermidine as the major polyamine (Takeuchi et al., 1995) , phylogenetically clusters within the genus Sphingobium (Fig. 1) and exhibits the characteristic 16S rRNA gene sequence signatures of this genus.
Based on the comparative phylogenetic, physiological and chemotaxonomic characterization of strains 301
T and 469 T , and based on the classification of Takeuchi et al. (2001) , we propose the two novel species Sphingobium limneticum sp. nov. and Sphingobium boeckii sp. nov., respectively, and the reclassification of Sphingomonas suberifaciens as a species of the genus Sphingobium, Sphingobium suberifaciens comb. nov.
Description of Sphingobium limneticum sp. nov.
Sphingobium limneticum (lim.ne9ti.cum. Gr. n. limnê pool of standing water, lake; L. neut. suff. -ticum suffix denoting made of or belonging to; N.L. neut. adj. limneticum from or belonging to a lake).
Colonies are yellow, circular, domed, convex on R2A agar or 1 : 10 diluted HD agar after 24 h of incubation. Cells are (15) and nystatin (100). Q-10 is the major respiratory quinone (83.1 %). The major fatty acids are C 18 : 1 v7c (53.3 %), C 16 : 1 v7c, C 16 : 0 and C 14 : 0 2-OH as the major 2-hydroxy fatty acids. The major polar lipids are diphosphatidylglycerol, phosphatidylglycerol, phosphatidylmonomethylethanolamine, phosphatidylethanolamine, phosphatidyldimethylethanolamine, phosphatidylcholine and two sphingoglycolipids. Consistent with the placement in the family Sphingomonadaceae both straight chain 2-OH fatty acids and sphingoglycolipids are present. The major polyamine is spermidine.
The type strain, 301 T (5DSM 25076 T 5LMG 26659 T ), was isolated from a mesotrophic pre-alpine freshwater lake (Starnberger See, Germany). The genomic DNA G+C content of the type strain is 63.4 mol%. (20), nitrofurantoin (100), ceftriaxone (30), nystatin (100), linezolid (10) and piperacillin/tazobactam (40). Q-10 is the major respiratory quinone. The predominant fatty acids are C 18 : 1 v7c, C 16 : 1 v7c, C 16 : 0 and C 14 : 0 2-OH as the major 2-hydroxy fatty acid. The major polar lipids are diphosphatidylglycerol, phosphatidylglycerol, phosphatidylethanolamine, phosphatidyldimethylethanolamine, phosphatidylcholine, phosphatidylmonomethylethanolamine and a sphingoglycolipid. Consistent with placement in the family Sphingomonadaceae both straight chain 2-OH fatty acids and sphingoglycolipids are present. The major polyamine is spermidine.
Description of
The type strain, 469 T (5DSM 25079 T 5LMG 26901 T ), was isolated from an oligotrophic alpine freshwater lake (Walchensee, Germany). The genomic DNA G+C content of the type strain is 64.6 mol%.
Description of Sphingobium suberifaciens comb. nov.
Sphingobium suberifaciens (su.be.ri.fa9ci.ens. L. n. suber -eris cork; L. part. adj. faciens making, producing; M.L. part. adj. suberifaciens cork making).
The description is identical to the description given for Sphingomonas suberifaciens by van Bruggen et al. (1990) as amended by Yabuuchi et al. (1999) and Takeuchi et al. (2001 
